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ABSTRACT. Given the extreme accuracy of modern space astrometry, a precise relativistic modeling
of observations is required. Moreover, the availability of several models formulated in different and inde-
pendent ways is a security against the presence of systematic errors in the analysis of future experimental
results, like in the case of the Gaia mission. In this work, we simulate a series of observations using
the two models to be used for the data analysis of Gaia, the Gaia RElativistic Model (GREM) and the
Relativistic Astrometric MODel (RAMOD), and we compare them with the results of our astrometric
model based on the Time Transfer Functions.
1. INTRODUCTION
A large number of missions planned or proposed for the next years (Gaia, GAME, NEAT) will
aim to an increasing astrometric accuracy in order to fulfill their scientific objectives. Aside of the
technological capabilities, an accurate description of light propagation in a general relativistic framework
will be required. Several independent approaches have been developed in the last years, which are well
summarized in [Vecchiato, 2013]. Then, comparing the outcome of the different models allows for checking
their physical consistency.
In particular, the space astrometry mission Gaia (Bienayme & Turon, 2002), which has been launched
by the European Space Agency (ESA) at the end of 2013, will determine the astrometric parameters for
a billion stars with an accuracy of some µas. The resulting catalog will set the basis for a new celestial
reference frame. The catalog is built upon a kernel of up to 100 million stars whose positions and
motions are reconstructed within a process called ”Astrometric Sphere Reconstruction”, an extremely
difficult task but also a crucial one for the outcome of the mission. This solution will be performed by
the Astrometric Global Iterative Solution (AGIS) software (Lindegren et al., 2012). At the same time,
an independent verification unit for AGIS called Global Sphere Reconstruction (GSR) (Vecchiato et al.,
2012) has been set within the Gaia Data Processing and Analysis Consortium (DPAC). Both pipelines
are intended to operate on the same real data and the comparison of their results will validate the final
astrometric catalog. In order to keep the two software as separate as possible, two different relativistic
modelings of light propagation have been implemented: AGIS relies on GREM (Klioner, 2003), while
GSR implements RAMOD (de Felice et al., 2006). Moreover, an independent approach to the modeling
of the astrometric observables based on the TTF (Teyssandier et al., 2008) has been recently put in place
in the GSR framework. An analysis of these three approaches and their application to astrometry has
been recently given in (Bertone et al., 2013). Here, we recall the basis of the TTF approach as well as
the early results of the comparison of the three models on simulated Gaia observations.
2. TIME TRANSFER FUNCTIONS IN ASTROMETRY
The goal of astrometry is to determine the position of celestial bodies from angular measurements.
One way to get a relativistic (i.e. covariant) definition of the astrometric observable is by using the tetrad
formalism (Misner et al., 1972), thus giving the direction of observation of an incoming light ray in a
particular frame comoving with the observer.
Let us note Eµ(α) the components of this tetrad, where (α) corresponds to the tetrad index and µ
is a normal tensor index which can be lowered and raised by using the metric. It has been shown
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in (Brumberg, 1991) that we can express the direction of the light ray in the tetrad frame as
n(i) = −
E0(i) + E
j
(i)kˆj
E0(0) + E
j
(0)kˆj
= −
E0(i) + kˆjE
j
(i)
u0
(
1 + kˆjβj
) , (1)
where k̂i = ki/k0 is the so called light direction triple with kµ = gµνk
ν the covariant components of the
tangent vectors to the light ray kµ ≡ dxµ/dλ, uα represents the unit four-velocity of the satellite and
βi ≡ vi/c, vi being the coordinate velocity of the observer.
Let us suppose the existence of a unique light ray connecting the emission event of the signal xA =
(ctA,xA) and its reception event xB = (ctB ,xB). It has been shown in (Bertone & Le Poncin-Lafitte,
2012) that, under some conditions, k̂i can be expressed as the integral of the metric tensor and its
derivatives along the Minkowskian straight line. Then, a generic tetrad comoving with the chosen observer
and computed at the same accuracy can be used in Eq. (1) to compute the direction of light in the observer
reference frame.
3. SIMULATED OBSERVATIONS IN THE GAIA CONTEXT
We implement the model presented in Section 2 in the GSR software and we use it to generate a
series of simulated observations. The result is a ”GSR-TTF” code well adapted to support the further
development of the GSR code and to investigate the results of both AGIS and GSR. Let us illustrate
how each of Gaia observations is represented in these software. Each point of the celestial sphere can be
fixed in the reference system of the Gaia spacecraft by three direction cosines n(i). From a geometrical
point of view, Gaia will measure the abscissa of such a point, i.e. the angle φ between the x-axis of the
spacecraft and the projection of the point in the x− y plane. This angle is related to the director cosines
n(i) by the following relations
cosφ =
n(1)√
1− n2(3)
, (2)
The abscissa is generally expressed as function of the astrometric parameters (α∗, δ∗, $∗, µα∗, µδ∗)
and of the satellite attitude. Eq. (2) also depends on a set of instrument parameters {cl} to provide
a sort of long-term calibration. Moreover, when working within the PPN formalism, one should add
the parameter γ to the unknowns. As consequence, each of the Gaia observations can be resumed to a
non-linear function of these four classes of unknown included in a suitable model of the abscissa φ
cosφ ≡ F
(
α∗, δ∗, $∗, µα∗, µδ∗, a
(j)
1 , a
(j)
2 , ..., c1, c2, ..., γ
)
. (3)
The GSR software is built so that the director cosines are provided using the RAMOD model (more
precisely, the version actually implemented is PPN-RAMOD (Vecchiato et al., 2003) ). Since the software
is built in a modular structure, it is nevertheless possible to use other models to treat light propagation,
the aberration corrections, etc.
In particular, we implemented the TTF model presented in Section 2 to compute the director cosines
at the accuracy required by the Gaia mission: we modeled the gravitational light deflection within the
Solar System by using a PN expansion of the direction triple and the RAMOD tetrad (Crosta & Vecchiato,
2010) for the transformation from the Barycentric Celestial Reference System (BCRS) to the Co-Moving
Reference System (CoMRS) of Gaia. We used the director cosines n(i) so defined to build the abscissae
φ, necessary to write the so called known-terms at the left-hand side of Eq. (3).
This completes the implementation in GSR of an abscissa φ based on our model. We shall now
compare our results to those of PPN-RAMOD (actually implemented in GSR) and of GREM (the model
implemented in AGIS). The analytical equivalence between the models has been shown in (Bertone et
al., 2014): this step will then allow us to validate our implementation and explore the residual differences
between the different models.
We perform a simulation over one day of observations using the three models to generate the abscissae
φ. The results are illustrated in Fig. 1 (produced using the Gaia-tools provided by the Gaia DPAC),
where the models are compared one to each other. The numbers on the left axis have a double meaning:
they mark (1) the difference in µas between the two models - represented by the red plot - and (2)
the distance in degrees/10 between a given planet and the observation - the blue, green and yellow plot
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representing Jupiter, Saturn and Mars, respectively. In particular, the periodic oscillation of the distance
planet-observation illustrated in the plots is due to the Gaia scanning law (de Bruijne et al., 2010) setting
a rotation period of approximately 6 h. Let us analyze each comparison, noting that we can generally
separate the observations in ”near” and ”far” from the planets with respect to the maximum impact
parameter to get 1 µas gravitational deflection:
• (PPN-)RAMOD vs TTF - we use different models for gravitational light deflection but the same de-
scription for the motion of the observer. We get huge differences (up to 500 µas) for the observations
near Jupiter. This is expected since PPN-RAMOD is an early study based on a ”parametrized”
Schwarzschild model of the Solar System, while our TTF model includes the contribution of all
major Solar System bodies. On the other hand, the two modelings give equivalent results for most
observations ”far” from the planets.
• TTF vs GREM - both the modelings of gravitational light deflection and the aberration caused
by the motion of the observer are different. Nevertheless, as shown in (Bertone et al., 2014), we
would expect not to observe sensible differences in the results. Indeed, the results of the two models
are comparable at the µas level but the signature of our results far from the Solar System planets
suggests substantial differences between the two models or their implementation, while the sudden
shift at the maximum approach of the observation field to Jupiter hints for some discrepancy in the
treatment of the satellite attitude.
4. CONCLUSIONS
This preliminary study shall give a global overview of how the Time Transfer Functions approach
can be applied to the complex task of processing the observations of a space astrometry mission. The
periodic signature resulting from the comparison of the abscissae computed using the TTF and GREM
approaches, even if limited to the µas level, highlights some systematic discrepancy between the two
implementations. On the other hand, we observe that the differences between RAMOD and our model
are centered around the conjunction with major Solar System bodies. Further investigations will then
focus on the implementation of the aberration and the retarded times, which was the same for RAMOD
and the TTF but a different one in GREM. It also constitutes the basis for the solution of a celestial
sphere based on GSR-TTF.
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Figure 1: Difference between the abscissae resulting from the TTF and PPN-RAMOD (top) and GREM
(bottom) models. The numbers on the left axis mark (1) the difference in µas between the two models -
represented by the red plot - and (2) the distance in degrees/10 between a given planet and the observation.
The y-axis is limited to ±20 µas while the black dotted lines indicate a ±5 µas difference.
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